PHEX is homologous to the M13 zinc metallopeptidases, a class of type II membrane glycoproteins. Although more than 140 mutations in the PHEX gene have been identified in patients with X-linked hypophosphatemia (XLH), the most prevalent form of inherited rickets, the molecular consequences of disease-causing PHEX mutations have not yet been investigated. We examined the effect of PHEX missense mutations on cellular trafficking of the recombinant protein. Four mutant PHEX cDNAs were generated by PCR mutagenesis: C85R, G579R and S711R, identified in XLH patients, and E581V, previously engineered in neutral endopeptidase 24.11, where it abolished catalytic activity but not plasma membrane targeting. Wild-type and mutant PHEX cDNAs were transfected in HEK(293) cells and PHEX protein expression was characterized. In contrast to the wild-type and E581V PHEX proteins, the C85R, G579R and S711R mutants were completely sensitive to endoglycosidase H digestion, indicating that they were not fully glycosylated. Sequestration of the disease-causing mutant proteins in the endoplasmic reticulum (ER) and plasma membrane localization of wild-type and E581V PHEX proteins was demonstrated by immunofluorescence and cell surface biotinylation. Of the three mutant PHEX proteins, the S711R was the least stable and the only one that could be rescued from the ER to the plasma membrane in cells grown at 26°C. The chemical chaperone glycerol failed to correct defective targeting of all three mutant proteins. Our data provide a mechanism for loss of PHEX function in XLH patients expressing the C85R, G579R and S711R mutations.
INTRODUCTION
X-linked hypophosphatemia (XLH), the most prevalent form of inherited rickets in humans, is a dominant disorder of phosphate homeostasis characterized by growth retardation, rachitic and osteomalacic bone disease, hypophosphatemia, and renal defects in the reabsorption of filtered phosphate and the metabolism of vitamin D (1,2). The gene responsible for XLH was identified by positional cloning and designated PHEX (formerly PEX) to depict a phosphate regulating gene with homology to endopeptidases on the X chromosome (3) . Large deletions in the Phex gene were also identified in X-linked Hyp (4, 5) and Gy (5) mice, which have served as models to study the pathophysiology of the human disease (6) .
The PHEX gene spans ∼243 kb, comprises 22 exons and translates into a 749 amino acid protein (7) (Fig. 1) . The latter exhibits significant homology to the M13 family of zinc metallopeptidases, which includes neutral endopeptidase 24.11 (NEP) (8) and endothelin converting enzymes-1 (9) and -2 (10) (ECE-1 and ECE-2). These are type II membrane glycoproteins characterized by a short N-terminal cytoplasmic domain, a single transmembrane hydrophobic region and a large extracellular domain ( Fig. 1) (11) . The latter includes ten highly conserved cysteine residues and a zinc-binding motif ( Fig. 1) , which in the case of NEP and ECE-1 are essential for conformational integrity and catalytic activity, respectively (11) .
NEP functions as an ectoenzyme, with its active site exposed at the cell surface, and can degrade several small peptides including substance P, bradykinin, atrial natriuretic peptide and enkephalin (8) . NEP has been implicated in blood pressure regulation and pain control, and the specificity of NEP action in vivo has been attributed to both its tissue distribution and that of its substrates (8) . ECE-1 and -2 are involved in the proteolytic activation of big endothelin-1 to endothelin-1 (9, 10) and play a role in the regulation of vascular tone (11) .
PHEX is expressed predominantly in osteoblasts (12-15) and odontoblasts (13, 15) , but not in kidney (4) . These findings are consistent with data derived from the murine Hyp homolog of XLH, in which both a primary mineralization defect (16) and a renal phosphate leak which is dependent on a circulating factor (17, 18) have been identified. On the basis of these observations, it has been suggested that PHEX may be involved in the processing or inactivation of paracrine or autocrine factors which play a role in skeletal mineralization and the regulation of renal phosphate reabsorption (6) . Although crude membrane preparations from PHEX-transfected cells hydrolyze parathyroid hormone (PTH) (19) , the relevance of this finding to the pathophysiology of XLH is not clear since PTH is not necessary for the clinical and biochemical manifestations of XLH patients (20) and Hyp mice (17, 21) . Degradation of PTHrP 107-139 by a genetically engineered soluble and secreted form of PHEX was recently reported (22) . However, the physiological significance of this activity remains to be determined.
To date, 141 mutations in the PHEX gene have been identified in XLH patients and in sporadic cases of the disorder and, to centralize information on PHEX mutations, we established an online locus-specific mutation database (23) (http://data.mch.mcgill.ca/phexdb). The mutations are scattered throughout the gene and most are consistent with loss of function of the PHEX protein. The mutations include deletions (from 1 to 55 kb), splice junction and frameshift mutations, as well as duplications, insertions, and missense and nonsense mutations (23) . However, the mechanism whereby loss of PHEX function elicits the XLH phenotype is not understood.
The present study was undertaken to elucidate the effect of three PHEX missense mutations (C85R, G579R and S711R) ( Fig. 1) , identified in XLH patients, on glycosylation, cellular trafficking and localization of the recombinant proteins. The C85R mutation occurs in a cluster of five cysteine residues just C-terminal of the transmembrane domain that is conserved in NEP and ECE-1 (3). The G579R mutation is found adjacent to the highly conserved zinc-binding motif (HEFTH), a major fingerprint for the M13 family of zinc metallopeptidases (24) . This mutation was identified in five different families of German, Polish and Spanish origin, either as X-linked or sporadic. The S711R mutation is found in the HSP consensus sequence, conserved in all members of the endopeptidase family (23) , and the histidine residue adjacent to this serine appears to be involved in the stabilization of the transitionstate in NEP (25) . We also examined the effect of a fourth mutation, E581V, in the conserved catalytic domain (HEXXH). This mutation, when engineered in NEP, abrogated catalytic activity but had no effect on the transport of the protein to the cell surface (26) . This mutation was also introduced in a soluble and secreted form of PHEX, where it interfered with catalytic activity but not with terminal glycosylation of the recombinant protein (22) . Using a variety of approaches, including cell surface biotinylation and immunofluorescence, we demonstrate that the wild-type and E581V PHEX proteins are targeted to the plasma membrane, whereas the diseasecausing mutations, C85R, G579R and S711R, result in proteins that are not fully glycosylated and remain trapped in the endoplasmic reticulum (ER). We also show that defective targeting of the S711R is corrected by growing the cells at 26°C.
RESULTS

Expression of wild-type and mutant PHEX proteins in HEK(293) cells
Lysates from HEK(293) cells, transfected with wild-type or mutant PHEX cDNAs, were examined by immunoblotting. The PHEX-specific monoclonal antibody (15) recognized a faster (93 kDa) and a slower migrating protein band (97 kDa) in cells expressing the wild-type PHEX or E581V mutant proteins, whereas only the faster migrating species was detected in cells expressing the C85R, G579R and S711R mutants (Fig. 2) . Differences in PHEX protein expression can be ascribed to differences in protein loading (see actin immunoblotting, Fig. 2 ).
Glycosylation pattern of wild-type and mutant PHEX proteins
To determine whether the lower molecular weight species represent an incompletely processed form of the enzyme, we characterized the glycosylation state of wild-type and mutant (C85R, G579R, S711R and E581V) PHEX proteins. This was accomplished by analyzing lysates from PHEX cDNA-transfected HEK(293) cells by western blotting, before and after treatment with either peptide:N-glycosidase F (PNGase F) or endoglycosidase H (endo H). This treatment allows discrimination between core-glycosylated proteins present in the ER and fully glycosylated proteins which have transited through the compartments of the Golgi apparatus. The wild-type and E581V mutant PHEX proteins were completely sensitive to digestion with PNGase F and a single protein band of ∼87 kDa was apparent following the removal of N-linked oligosaccharide side chains (Fig. 3) . However, when treated with endo H, most of the wild-type and E581V mutant PHEX proteins were resistant. In contrast, proteins harboring the disease-causing C85R, G579R and S711R mutations were completely susceptible to digestion with both PNGase F and endo H (Fig. 3) . Because core-glycosylated proteins are sensitive to endo H digestion, our data suggest that the faster-moving species of wild-type and E581V PHEX proteins (Figs 2 and 3) represent the coreglycosylated forms that reside in the ER, whereas the major 97 kDa species (Figs 2 and 3) represent the fully processed, mature form of the protein. Since only the faster moving species were observed in extracts of cells expressing the C85R, G579R and S711R PHEX mutants, our data also suggest that these mutant proteins are incompletely glycosylated and retained in the ER, consistent with their sensitivity to endo H digestion.
Cellular localization of wild-type and mutant PHEX proteins
The cellular localization of wild-type and mutant (C85R, G579R, S711R and E581V) PHEX proteins in transfected HEK(293) cells was examined by immunofluorescence analysis of non-permeabilized and permeabilized cells. In nonpermeabilized cells, a fluorescent PHEX signal was detected only in cells expressing the wild-type and E581V mutant proteins ( Fig. 4A and E, left panel), consistent with cell surface expression for both PHEX proteins. In contrast, no fluorescent signal was evident in non-permeabilized cells transfected with either the empty vector (data not shown) or the C85R, G579R and S711R mutant cDNAs ( Fig. 4B-D , left panel). Upon permeabilization, however, the C85R, G579R and S711R mutant proteins were detected intracellularly, with a perinuclear labeling pattern which is characteristic of proteins residing in the ER (Fig. 4B-D , right panel). Similar findings were observed with permeabilized wild-type and E581V PHEX-expressing cells ( Fig. 4A and E, right panel). Positive controls for cell surface and ER labeling are shown in Figure 5 . Non-permeabilized HEK(293) cells incubated with an antibody to the plasma membrane Na + /K + -ATPase yielded a pattern similar to that observed for the wild-type and E581V mutant proteins detected in non-permeabilized cells (Fig. 5A ). On the other hand, permeabilized HEK(293) cells incubated with an antibody to calnexin, which resides in the ER, yielded a pattern that was similar to the perinuclear fluorescence observed in permeabilized cells transfected with the C85R, G579R and S711R cDNAs (Fig. 5B) , confirming that the corresponding mutant proteins were indeed trapped in the ER.
The plasma membrane localization of wild-type and E581V PHEX proteins was confirmed by cell surface biotinylation. When HEK(293) cells expressing either the wild-type or the E581V mutant protein were treated with an impermeant biotin, immunoblotting revealed a PHEX signal in the particulate fraction containing the NeutrAvidin resin (data not shown), consistent with cell surface localization of these proteins. The absence of immunoreactive actin in this fraction indicated that intracellular proteins were not biotinylated under the conditions used. These results are consistent with the demonstration that both wild-type and E581V PHEX proteins are resistant to digestion with endo H (Fig. 3) .
Interaction of PHEX proteins with calnexin
Given that the C85R, G579R and S711R mutant PHEX proteins are retained in the ER, we examined their interaction with calnexin, a molecular chaperone involved in the proper folding of proteins exiting the ER (27) . Lysates from HEK(293) cells, transfected with either wild-type or mutant PHEX cDNAs, were immunoprecipitated with either anti-PHEX or anti-calnexin antibodies and analyzed by immunoblotting with the anti-PHEX antibody. As seen in Figure 6 , anti-PHEX antibodies immunoprecipitated a slower and faster migrating species, corresponding to the fully glycosylated and core-glycosylated forms of the wild-type PHEX protein. For C85R, G579R and S711R proteins, only one species representing the core-glycosylated form was immunoprecipitated with the PHEX antibody (Fig. 6 ), in agreement with data shown in Figure 2 . Immunoprecipitation of cell lysates with anticalnexin antibody revealed that calnexin is co-immunoprecipitated with the mutant C85R, G579R and S711R PHEX proteins (Fig. 6) as well as the ER core-glycosylated forms of the wild-type PHEX protein (Fig. 6) . No evidence for co-immunoprecipitation of PHEX with calnexin was obtained with pre-immune serum (data not shown). Since the immunoprecipitations were carried out with total HEK(293) cell extracts, our results strongly suggest a specific interaction between the ER form of PHEX and calnexin.
Biosynthesis and processing of wild-type and mutant PHEX proteins
Pulse-chase experiments demonstrated that initially the coreglycosylated form of wild-type and E581V PHEX proteins was synthesized and by 60 min a more slowly migrating form was evident (Fig. 7) , consistent with maturation of the proteins through the late Golgi compartment where terminal glycosylation occurs. In contrast, only core-glycosylated forms of the C85R, G579R and S711R mutant PHEX proteins were synthesized and a gradual decrease in their abundance was apparent with increasing time, indicating that the mutant proteins were degraded (Fig. 7) . The estimated half-lives for the C85R and G579R mutants were 88 ± 11 and 106 ± 12 min, respectively, whereas that for the S711R mutant was substantially lower (57 ± 1 min). Thus, although all three XLH mutations result in the expression of unstable proteins, differences in their stability suggest different misfolded intermediates.
Rescue of mutant PHEX proteins from the ER
Previous studies demonstrated that protein processing defects arising from mutations in the genes encoding the cystic fibrosis transmembrane conductance regulator (CFTR) (28) and the aquaporin receptor (29) can be rescued by chemical chaperones such as glycerol, at low temperature (26°C). To test the effect of glycerol on cellular trafficking of the C85R, G579R and S711R mutant PHEX proteins in HEK(293)-transfected cells, PHEX proteins in cell lysates were analyzed by immunoblotting before and after treatment with endo H. Incubation with 1 M glycerol for 48 h had no effect on endo H sensitivity of the mutant PHEX proteins or the endo H resistance of the wild-type PHEX protein (data not shown), indicating that cellular trafficking of the mutant proteins was not even partially corrected by the chemical chaperone. However, when the cells were grown at 26°C, the appearance of an endo Hresistant band was clearly evident for the S711R mutant protein (Fig. 8) , consistent with partial rescue of the protein from the ER. Neither the C85R nor the G579R mutant proteins acquired endo H resistance (Fig. 8) . Immunofluorescence of cells expressing S711R mutant PHEX protein grown at 26°C confirmed the cell surface localization, thereby providing evidence for partial rescue of the mutant protein out of the ER to the plasma membrane (Fig. 9) .
DISCUSSION
In the present study we demonstrate that three disease-causing missense mutations in the PHEX gene identified in XLH patients interfere with membrane targeting of the recombinant mutant proteins. In contrast to wild-type PHEX protein, the C85R, G579R and S711R mutants are susceptible to endo H digestion, indicating that they are not fully glycosylated and likely trapped in the ER. We also provide evidence for ER sequestration of the disease-causing mutants and for cell surface expression of wild-type PHEX protein by immunofluorescence and biotinylation studies. In addition, we show that treatment of mutant cDNA-transfected cells with a chemical chaperone is not sufficient to rescue the mutant PHEX proteins from the ER. However, when the cells are incubated at 26°C, partial rescue of the S711R PHEX protein out of the ER to the plasma membrane was evident. Taken together, our data provide a mechanism for loss of PHEX function in XLH patients expressing the C85R, G579R and S711R mutations.
We also examined the production and cellular trafficking of the E581V mutant PHEX protein. Although this mutation in the catalytic domain (HEXXH) has not been identified in XLH patients, the equivalent mutation in NEP was shown to abrogate catalytic activity without interfering with cell surface expression (26) . Consistent with these findings, we demonstrate that the E581V mutant, like wild-type PHEX protein, is resistant to endo H digestion and expressed at the cell surface, as assessed by cell surface immunofluorescence and biotinylation. Thus, the features of the E581V mutant protein are identical to wild-type PHEX and differ substantially from the C85R, G579R and S711R mutant proteins. These findings demonstrate that manipulations associated with site-directed mutagenesis are not responsible for abnormal targeting of the disease-causing PHEX mutations.
The C85R, G579R and S711R mutations occur in residues that are conserved in the zinc metallopeptidase gene family. C85 is found in a cluster of cysteines and is likely to be involved in disulfide bond formation, making it an important residue for proper folding of the protein. Indeed, our data indicate that the C85R mutant is misfolded and trapped inside the cell. G579 lies one amino acid upstream of the conserved zinc-binding domain, HEXXH, which is necessary for catalytic activity, and S711 lies in the conserved HSP motif, shown to be important in the stabilization of the transition state of NEP (25) . Therefore, mutations in these residues are expected to abrogate catalytic activity rather than interfere with cellular processing. However, in each case, the amino acid substitutions, G→R and S→R, involve the replacement of a small amino acid residue with a large, positively charged residue. Thus, these mutations are also likely to affect protein folding, leading to sequestration of mutant proteins inside the cell, and our data clearly provide evidence that this is indeed the case.
We demonstrate that the faster migrating PHEX protein which is susceptible to endo H digestion is co-immunoprecipitated with calnexin, a chaperone that binds monoglucosylated protein substrates and promotes initial folding reactions in the ER (27) . The removal of the terminal glucose by glucosidase II releases the ligand from calnexin. When glucosyltransferase no longer recognizes the ligand as incompletely folded, the protein is allowed to exit the ER (30) . If protein folding is incomplete, a second round of calnexin binding is initiated to drive the folding process toward completion. Thus, misfolded mutant proteins that are sequestered in the ER are often inappropriately associated with calnexin. However, under the experimental conditions used, we were unable to detect consistent differences in the abundance of calnexin associated with either the wild-type or mutant forms of the rapidly migrating PHEX protein.
Our pulse-chase experiments demonstrate that the C85R, G579R and S711R PHEX proteins undergo degradation in the ER and that S711R is the least stable. The divergence of mutant proteins from the biosynthetic to the degradative pathway has also been demonstrated for the CFTR mutant ∆F508 (31) . In that case, it was proposed that, during translation, the core-glycosylated form of wild-type CFTR is sorted within the ER into an 'export-competent' pool which is resistant to degradation, and that the principal consequence of the ∆F508 mutation is a decrease in the efficiency of this sorting process (31) . We suggest that a similar mechanism pertains to the disease-causing PHEX mutations examined in the present study.
There are several genetic disorders in which mutations result in protein misfolding and retention in the ER. These include missense mutations in CFTR which are responsible for cystic fibrosis (28) , and in aquaporin-2 (29) and the V2 vasopressin receptor (32) which result in the two major forms of hereditary nephrogenic diabetes insipidus. In all three cases, rescue of the ER-sequestered mutant proteins was achieved using either chemical (28, 29) or specific pharmacological (32) chaperones. Partial cell surface expression of the mutant protein and partial restoration of protein function was achieved by incubating cells expressing the ∆F508 CFTR (28) and aquaporin-2 (29) mutants with glycerol. The latter is known to stabilize protein conformation (33) and to increase the rate of in vivo protein refolding (34) . However, not all mutations leading to ERsequestered CFTR were corrected by the chemical chaperone (29) , indicating that glycerol did not lead to generalized disruption of ER quality control processes. Rather, the corrective effects of glycerol appeared to correlate with the degree of temperature sensitivity of specific CFTR mutants (29) . In addition, incubation of the ∆F508 CFTR mutant at 26°C rescued the protein out of the ER to the plasma membrane, where it exhibited functional activity (28) . In the present study, we were unable to elicit cell surface expression of the C85R, G579R and S711R mutant PHEX proteins by incubating the respective HEK(293)-producing cells with glycerol under the conditions used in the reports described above (28, 29) . However, incubation at 26°C was able to partially rescue the S711R PHEX protein out of the ER. We suggest that these findings may reflect the degree of misfolding of the mutant PHEX proteins and that, in the case of S711R, the ER-retention phenotype is leaky, as demonstrated for ∆F508 CFTR (31) .
It is of interest that misfolding and ER sequestration of mutant V2 vasopressin receptors were partially corrected by incubating cells producing the mutant proteins with selective non-peptidic and permeable V2 receptor antagonists (32) , indicating that small ligands can act as pharmacological chaperones. In this regard, it may be possible to increase cell surface expression of ER-sequestered PHEX mutants by the addition of permeable inhibitors of PHEX catalytic activity. Clearly, further work is necessary to identify PHEX substrates and such inhibitors.
In summary, this study represents the first characterization of wild-type and mutant PHEX protein expression, glycosylation and cellular targeting. We demonstrate that, in contrast to wild-type PHEX which is expressed at the plasma membrane, the C85R, G579R and S711R mutants remain trapped in the ER and are not terminally glycosylated. We thus provide a mechanism for loss of PHEX function in XLH patients expressing these missense mutations. Further work is necessary to determine whether these mutations also interfere with catalytic activity.
MATERIALS AND METHODS
Construction of cDNAs encoding PHEX mutants
PHEX missense mutations, 253T→C (C85R), 1735G→C (G579R) and 2133A→T (S711R), identified in XLH patients, and 1742T→A (E581V), investigated in NEP (26) and PHEX (22) , were generated by PCR-mutagenesis (35) and confirmed by sequence analysis with the Taq sequencing dye terminator loaded on an Applied Biosystems 373A system (Université Laval, Quebec City, Quebec). Wild-type and mutant cDNAs were subcloned in plasmid pCDNA3 (Invitrogen, Carlsbad, CA), with the RSV promoter, for transfection in mammalian cells.
Cell transfection
HEK(293) cells were grown in Dulbecco's modified Eagle's medium (DMEM) (BRL Life Technologies, Burlington, Ontario) containing 10% fetal bovine serum at 37°C in 5% CO 2 and 95% air. For each P100 mm plate containing 1 × 10 6 cells, transfection was accomplished with 10 µg of cDNA using the calcium-phosphate co-precipitation method (36) . The cells were treated with sodium butyrate (final concentration of 10 mM) 24 h after transfection. Where indicated, cells were grown in the same medium containing 1 M glycerol for 48 h.
SDS-PAGE and immunoblot analyses
Whole cell lysates were prepared in 6× Laemmli sample buffer (37) and boiled for 3 min. Separation of proteins was performed on SDS-PAGE (10% acrylamide) and proteins were transferred to nitrocellulose membranes for 1 h. Incubation with a mouse monoclonal anti-PHEX antibody 15D7 (BioMep, Montreal, Quebec) at a 1:200 dilution was performed as described previously (15) and was followed by incubation with peroxidase-conjugated anti-mouse IgG (Vector Laboratories, Burlingame, CA) at a 1:3000 dilution. Immune complexes were visualized by chemiluminescence with the ECL kit (Amersham Phamacia Biotech, Piscataway, NJ).
Endoglycosidase digestion
Recombinant PHEX proteins in whole cell extracts were boiled for 10 min in 10× denaturation buffer (5% SDS, 10% β-mercaptoethanol) and incubated for 1 h at 37°C with either PNGase F or endo H, according to the manufacturer's recommendations (New England Biolabs, Missisauga, Ontario). Digestion products were fractionated on SDS-PAGE and subjected to immunoblot analyses as described above.
Cell surface biotinylation
Cells were plated at a density of 2 × 10 5 cells per well, in a 24-well plate. Cells expressing PHEX proteins were washed with PBS and then labeled with a membrane impermeant biotin analog, sulfo-NHS-LC-biotin (Pierce, Rockford, IL) (2.0 mg/ml) for 25 min as described previously (38) . Biotinlabeled proteins were separated from unlabeled proteins by overnight incubation of cell lysates with NeutrAvidin resin (Pierce) at 4°C with end-over-end mixing. The resin was pelleted by centrifugation, and both the pellet and supernatant fractions were electrophoresed on SDS-PAGE and analyzed by western blotting. The membrane was first probed with the mouse monoclonal anti-PHEX antibody. The membranes were then stripped and probed with a rabbit anti-actin antibody (Sigma, St Louis, MO).
Immunofluorescence
Transfected HEK(293) cells were grown on glass coverslips and fixed in PBS containing 4% paraformaldehyde. Where indicated, cells were permeabilized with 0.5% Triton X-100. Immunostaining was accomplished with anti-PHEX (1:10 dilution), anti-calnexin (1:40 dilution) (BD Biosciences, Missisauga, Ontario), or anti-Na + /K + -ATPase (1:40 dilution) (Upstate Biotechnology, Lake Placid, NY) antibodies for 1 h at room temperature. Fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (1:50 dilution) (Zymed Laboratories, San Francisco, CA) was used for fluorescence labeling at room temperature for 1 h. After several washes, the coverslips were mounted on slides and the cells viewed with a Zeiss fluorescent microscope.
Co-immunoprecipitation of PHEX with calnexin
HEK(293) cells expressing PHEX proteins were solubilized in 1% N-octylglucoside-PBS and centrifuged. The supernatant was collected and incubated with either rabbit polyclonal anti-PHEX or anti-calnexin antibodies (kindly provided by Dr J.J. Bergeron, McGill University), for 16 h at 4°C and mixed by end-over-end rotation. Immunoprecipitation was also performed with pre-immune serum as described above. Protein A-Sepharose beads (Amersham Pharmacia Biotech) (25 µl of a 10% suspension) were added and the incubation allowed to proceed for 2 h at 4°C. Beads were collected by centrifugation, washed three times and resuspended in Laemmli buffer (37). The mixture was boiled for 3 min, centrifuged and the supernatant loaded on SDS-PAGE. Immunoprecipitated proteins were visualized by western blotting with the monoclonal anti-PHEX antibody.
Pulse-chase studies
PHEX cDNA transfected HEK(293) cells were grown on 60 mm dishes, washed in DMEM lacking methionine and incubated in the same medium for a period of 20 min at 37°C. The cells were then labeled for 30 min at 37°C by the addition of [ 35 S]methionine (200 µCi/dish) (ICN, Irvine, CA). After the radioactive pulse, the cells were rinsed twice in the same medium containing an excess of non-radioactive methionine (0.15 mg/ml) and were chased for various periods of time in this medium (t = 0, 30, 60, 120 and 180 min). The cells were then washed and scraped in cold PBS. The PBS was removed by centrifugation and the cells were solubilized with 200 µl of 1% N-octylglucoside. Radiolabeled PHEX proteins were immunoprecipitated as described above, and analyzed by SDS-PAGE and fluorography.
